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Both estrogen receptor (ER) and peroxisome proliferator-ac-
tivated receptor y (PPARYy) regulate bone metabolism, and
because steroid receptor coactivator (SRC)-2 (TIF-2) enhances
ER and PPARY activity, we examined the consequences of dele-
tion of SRC-2 on bone using SRC-2 knock out (KO) mice. Loss of
SRC-2 resulted in increased bone mass, with SRC-2 KO mice
having 80% higher trabecular bone volume as compared with
wild type mice. SRC-2 KO mice also had a marked decrease (by
50%) in bone marrow adipocytes. These data suggested that
marrow precursor cells in the SRC-2 KO mice may be resistant
to the inhibitory effects of endogenous PPARYy ligands on bone
formation. Consistent with this, compared with cultures from
wild type mice, marrow stromal cultures from SRC-2 KO mice
formed significantly more mineralized nodules (by 3-fold) in the
presence of the PPARYy agonist, rosiglitazone. Using chromatin
immunoprecipitation analysis, we demonstrated that in bone
marrow stromal cells, loss of SRC-2 leads to destabilization of
the transcription complex at the peroxisome proliferator
response elements of a number of PPARYy target genes, resulting
in an overall decrease in the expression of adipocyte-related
genes and a marked decrease in adipocyte development. Using
ovariectomy with or without estrogen replacement, we also
demonstrated that SRC-2 KO mice were partially resistant to
the skeletal actions of estrogen. Collectively, these findings indi-
cate that loss of SRC-2 leads to partial skeletal resistance to the
ER and PPARY, but resistance to PPARYy is dominant, leading to
increased bone mass. Modulating SRC-2 action may, thus, rep-
resent a novel therapeutic target for osteoporosis.

Multipotent mesenchymal stem cells in bone marrow are
known to give rise to both osteoblasts and adipocytes (1-3), and
there is accumulating evidence that there may be a differentia-
tion switch between these cell lineages, resulting in a possible
reciprocal relationship between bone marrow osteoblasts and
adipocytes (4—6). Clinical studies show that the decrease in
bone volume associated with osteoporosis or aging is accompa-
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nied by an increase in marrow adipose tissue (7, 8). Although
the molecular mechanisms underlying this reciprocal relation-
ship are not well understood, considerable work has established
that activation of peroxisome proliferator-activated receptor y
(PPARY)? induces adipocyte differentiation (9) and inhibits
osteoblastic differentiation of mesenchymal stem cells (10).

PPARvisaligand-activated transcription factor that belongs
to the nuclear hormone receptor superfamily (11, 12). The
ligand binding domain of PPARY interacts with a wide variety
of molecules, including polyunsaturated fatty acids and their
oxidation products, modified tyrosine and leucine derivatives,
PGJ2 metabolites, and thiazolidinediones (TZDs) (13—16). The
production of fatty acid oxidation products increases with age
and dietary fat intake, and aging is associated with an increase in
fat accumulation in bone marrow and a decrease in bone mass
(17, 18). Furthermore, TZDs are an effective and frequently
prescribed treatment for patients with type II diabetes,
although the precise mechanism(s) by which these agents
enhance insulin sensitivity remains unclear at this point (19).
The different ligands bind to and activate PPAR, and together
with transcriptional coregulators, they form a transcription
complex that binds to response elements in the promoter
regions of target genes (20, 21).

Steroid receptor coactivators (SRCs) are widely expressed in
most tissues; however, their abundance is limited, and their
function is cell-type specific (22-25). Recent work has shown
that both SRC-1 and the closely related coactivator, SRC-2
(TIF-2), interact with and activate PPARy and ERq, although
SRC-2 appears to be the preferred coactivator for both PPARYy
(20) and, at least in osteoblastic cells, for ERa (26). Previous
studies by us (27, 28) and others (29) have demonstrated that
deletion of SRC-1 in mice is associated with impaired estrogen
action in bone and trabecular osteopenia. Because loss of SRC-2
would be predicted to lead to at least partial resistance to both
PPARyand ERa, we examined the skeletal phenotype of SRC-2
KO mice both under basal conditions and after ovariectomy
(ovx) and replacement with a physiological dose of estradiol

2The abbreviations used are: PPARy, peroxisome proliferator-activated
receptor vy; TZD, thiazolidinedione; SRC, steroid receptor coactivators; ovx,
ovariectomy; E,, estradiol; DXA, dual x-ray absorptometry; CT, computed
tomography; pQCT, peripheral quantitative CT; BMD, bone mineral den-
sity; vBMD, volumetric BMD; BV, bone volume; TV, tissue volume; OBs,
osteoblast surface; BS, bone surface; WT, wild type; «MEM, a-minimal
essential medium; FBS, fetal bovine serum; ChIP, chromatin immunopre-
cipitation; KO, knock out; PPRE, peroxisome proliferator response element;
CFU-OB, colony-forming unit-osteoblast.
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(E,). Given the role of SRC-2 in regulating sensitivity to two
major signaling pathways governing bone mass, SRC-2 KO
mice, thus, presented a unique opportunity to dissect the rela-
tive importance of these pathways for skeletal metabolism.

EXPERIMENTAL PROCEDURES

Generation and Care of Mice—The generation of the SRC-2
KO mice has previously been described (30), and the mice used
in this study had been extensively back-crossed (for seven or
more generations) into the mouse background strain 129. The
animals were housed in a temperature-controlled room (22 =
2 °C) with a daily light/dark schedule of 12 h. During the exper-
iments the animals had free access to water and were fed a
standard laboratory chow (Laboratory Rodent Diet 5001, PMI
Feeds, Richmond, VA) containing 0.95% calcium. Pups were
genotyped at 4 weeks of age by PCR as described previously
(30). For all the experiments (in vivo and in vitro) only female
mice were used. The Institutional Animal Care and Use Com-
mittee approved all animal procedures.

Bone Densitometry—For both the DXA and pQCT measure-
ments, the mice were anesthetized with Avertin (2,2,2-tribro-
moethanol, 720 mg/kg, intraperitoneally). For the DXA meas-
urements they were placed on the animal tray in a prone
position on the Lunar PIXImus densitometer (software Version
1.44.005, Lunar Corp., Madison, W1). In this position, the head
is partially outside the area scanned by the machine. However,
in all analyses, the bones of the skull were excluded. Calibration
of the machine was performed daily using the hydroxyl apatite
phantom provided by the manufacturer. After scanning, total
body bone mineral density (BMD) and percent total body fat
was determined, and additional regions of interest were identi-
fied for more specific analyses. Bone density of the lumbar ver-
tebrae was measured in L1-L3; for the femoral bone density,
the femur was analyzed in its full-length. In repeatedly scanned
mice (with repositioning between scans), the coefficients of var-
iation for total body, lumbar, and femoral BMD were 4.9, 2.7,
and 4.3%, respectively.

For the pQCT measurements the mice were placed in a
supine position on the gantry of the Stratec XCT Research SA
Plus using software Version 5.40 (Nordland Medical Systems,
Inc., Fort Atkinson, W1I). As for the PIXImus densitometer, cal-
ibration of the machine was performed daily with the hydroxy-
lapatite phantom provided by the manufacturer. The mice were
positioned so that the total length of the tibia was visible on the
scout view. The scout view speed was set at 15.0 mm/s with a
slide distance of 0.5 mm. Once the scout view was completed,
the reference line for the CT scans was set at the most proximal
point of the tibia. Slice images were set at 1.9 mm (proximal
metaphysis of the tibia). The CT speed was set at 3 mm/s, pixel
size was 70 um X 70 wm, and slice thickness was 0.5 mm. After
scanning, the CT slices were analyzed using peelmode 2, cort-
mode 1, and contour mode 1 to evaluate trabecular and cortical
parameters. To determine the trabecular bone, the threshold
was set at 214 mg/cm® and, for cortical bone, at 710 mg/cm®.
The coefficient of variation was 4.4% for the total tibial volu-
metric BMD.

Bone Histomorphometry—The femur metaphyses were fixed
and embedded without demineralization in a mixture of meth-
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ylmethacrylate-2-hydroxyethyl and methylacrylate 12.5:1 and
subsequently sectioned at a thickness of 5 um on a Reichert-
Jung Supercut 2050 microtome using tungsten-carbide-tipped
steel knives. Analysis of bone volume per tissue volume (BV/
TV, %), trabecular number (mm %), trabecular thickness (um),
trabecular separation (um), osteoblast surface per bone surface
(OBs/BS, %), and number of osteoblasts per bone perimeter
(mm) as well as adipocyte parameters such as adipocyte volume
per tissue volume (%), adipocyte number (#/mm?), and adipo-
cyte circumference (um), was carried out on Goldner Masson
Trichrome-stained sections of the femoral metaphysis, 350 wm
below the cranial growth plate covering an area of 2.2 mm?
using a light/epifluorescence microscope connected to a digi-
tizing table and the OsteoMeasure histomorphometry system
(OsteoMetrics, Inc., Atlanta, GA). To determine osteoclast
numbers per bone perimeter (mm) and osteoclast surface per
bone surface (%), osteoclasts were identified by morphology
(large multinucleated cells with cytoplasmic vesicles and inti-
mate contact to bone) in the same Goldner Masson Trichrome-
stained sections. To assess dynamic histomorphometric indi-
ces, mice were given one injection of xylenol orange and one
injection of calcein green 8 days apart and killed 2 days later
according to a standard double-labeling protocol. Fluoro-
chrome measurements to determine mineralized surface per
bone surface (%), mineral apposition rate (wm/day), and bone
formation rate (um®/um?/d) were made in two nonconsecu-
tive, unstained sections per animal.

Micro-CT Analysis—The quantitative analysis of the
metaphyseal cancellous bone of the proximal tibia was done by
pCT (uCT20, Scanco Medical AG, Basserdorf, Switzerland).
Using two-dimensional data from scanned slices, three-dimen-
sional analysis was conducted to calculate morphometric
parameters defining trabecular bone mass and micro-architec-
ture, including BV/TV, trabecular number, trabecular thick-
ness, connectivity-density (1/mm?), and the structure model
index (SMI), an indicator of plate-like versus rod-like trabecular
architecture.

Ovariectomy and E, Replacement—For the analysis of the
skeletal phenotype of female SRC-2 KO mice compared with
WT littermates in response to ovx with and without E, treat-
ment, we used an E, dose (2.5 ug/kg/day, based on an average
body weight of 25 g) that was able to restore BMD in female WT
mice after ovx at different skeletal sites.

3-Month-old female SRC-2 KO and WT littermates had
base-line bone mineral density scans by DXA and pQCT and
were then divided into three groups (n = 8 —12 mice/group).
Subsequently, the mice were sham-operated, ovx was per-
formed, and the mice were implanted with either a vehicle
pellet or a 2.5-ug/kg/d E, pellet (Innovative Research of
America). After 56 days the mice were scanned again and
sacrificed.

In Vitro Culture Experiments—Bone marrow cells from the 4
long bones from female mice were cultured in « MEM with 15%
heat-inactivated FBS (Invitrogen) and 1% antibiotic and anti-
mycotic (Invitrogen). Half of the medium was exchanged at day
4, and by day 7 a complete medium change was done to also
discard the nonadherent cells. Cells were subcultured in
aMEM with 10% heat-inactivated FBS (Invitrogen) and treated
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TABLE 1

Gene identification and primer sequences for gene expression and ChIP analysis
PEPCK, phosphoenolpyruvate carboxykinase; CAP, Cbl-associated protein.
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Reverse primer

CGAATGGGTACATTGGGAAC
GGTGACTACCCCGTCATGGT
GGGATGGAGGAGAGAAGGTC
AAATTTCCATCCAGGCCTCT
CCTGTATCTGTTCCCGGAAGAT
GGATGCTGCTGAGGTTGAAGA
CTCATGCTTCTTGCAAGCTGTT
TTCCTCGTCGCTTTCCTTCA
TGACTGTCTTGCCCCAAGTTC
GCCGGAGTCTGTTCACTACCTT
TAGAAGGAGCAGGGGACAGA
TTCGAAGGCGGGTAGAGATG
AATGCGAGTGGTCTTCCATCA
GAATGCGCCCTAAATCACTGA
GCTGTCTTTGTTGCTCTTCCAA
TAGAGCTTCTGTCAAGCCAT
TAGAAGTCGCTCAGGCCACA

Gene Accession no. Forward primer
Admonedhl NM_009605 AAAGGAGAGCCTGGAGAAGC
A&pﬁn NM_013459 TGTCAATCATGAACCGGACAA
Alkaline phosphatase NM_007431 CACAGATTCCCAAAGCACCT
aP2 NM_024406 GAATGTGTTATGAAAGGCGTGAC
BMP-2 NM_007553 TGTCCCCAGTGACGAGTTTCT
BMP-4 NM_007554 AACATCCCAGGGACCAGTGA
BMP-6 NM_007556 GGGCTCCGGTTCTTCAGACTA
BSP NM_008318 CCAAGAAGGCTGGAGATGCA
Collal NM_007742 GCTTCACCTACAGCACCCTTGT
Osteocalcin NM_007541 CCTGAGTCTGACAAAGCCTTCA
Osterix NM_130458 GGAGGTTTCACTCCATTCCA
Perilipin NM_175640 TGGACCACCTGGAGGAAAAG
PPARYy NM_011146 CCCACCAACTTCGGAATCAG
Runx2 NM_009820 GGCACAGACAGAAGCTTGATGA
TATA-binding protein NM_013684 GCCTTACGGCACAGGACTTACT
ChHLadmonaﬂn NM_009605 TGTTGTTGACTCTCCAGGAC
ChIP-aP2 NM_024406 CAAGCCATGCGACAAAGGCA
ChIP-CAP NM_006434 GTCAACTTGACACAGGCTAA
ChIP-PEPCK NM_002591 GAACTCCGACAAGCAAGCTCTCAGC

TTAGACTTCCACAACGCTGCT
CCCAAGTGTCTGGAGAAAGGACG

with 50 pg of ascorbic acid, 10 nm B-glycerol phosphate, 10 % m
dexamethasone with or without 1 mum rosiglitazone (Cayman
Chemical). For the gene expression analysis, cells were treated
for 6 days; for the CFU-OB assay, cells were maintained under
these culture conditions for 21 days and then stained with the
Von Kossa stain. For the Oil Red O stain, the cells were fixed in
5% formaldehyde and stained with a 2:3 dilution of a 0.3% Oil
Red O solution in water for 5 min.

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation (ChIP) was performed as described by Nelson et al.
(31) with the following modification. Magnetic Protein G
Dynabeads (Invitrogen) were used instead of the protein A-aga-
rose beads for the isolation of the antibodies and the washing
steps. The magnetic separation technology reduces the overall
time of the procedure and leads to a reduction in background
caused by nonspecific binding. The following antibodies were
used in the ChIP assays: PPARYy (H-100), SRC-2 (R91), SRC-1
(M-20), RNA polymerase 11 (N-20, all the above antibodies are
from Santa Cruz Biotechnology, Inc.), IgG1 Isotype control
(B6901, Sigma-Aldrich). The relative proportions of the coim-
munoprecipitated promoter fragments were determined based
on the threshold cycle (C.) values by real-time PCR. The sam-
ples were run in triplicate, and the median was used for further
calculations. Normalization was with each of the correspond-
ing input controls (AC.). Those values were raised to the power
of 2 to calculate the AAC... The -fold enrichment was deter-
mined by dividing the individual values by the average of the
nonspecific IgG ChIP samples. The ChIP data are presented as
-fold enrichment between the vehicle and rosiglitazone treat-
ment. The primers that were used for the amplification are
listed in Table 1.

Serum Measurements of E,—Serum E, were measured by
radioimmunoassay (Diagnostic Systems Laboratories, Inc.).
The interassay variability was less than 5%.

RNA Isolation and Gene Expression Analysis—Total RNA
was isolated using Trizol reagent (Invitrogen) in combina-
tion with ethanol precipitation. An additional clean up of the
RNA and DNase digestion was performed using spin col-
umns (Mini columns, Qiagen), as described by the manufac-
turer. The RNA quantity and purity was measured with a
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Nanodrop spectrophotometer, and RNA integrity was deter-
mined using the Agilent 2100 Bioanalyzer. Primer pairs for a
number of osteoblast and adipocyte related genes were used
along with the housekeeping gene, TBP (Table 1). One pg of
total RNA was reverse-transcribed (iScript Kit, Bio-Rad). 50
ng cDNA was amplified using the iCyclerQ System with
SYBR Green (Bio-Rad). The expression of each gene was
normalized to expression of TBP using the difference in cycle
thresholds (27 2€T).

Statistical Analyses—All data are presented as the mean *
S.E. The in vivo and in vitro comparisons between the WT and
SRC-1 KO mice were performed using the Student’s ¢ test. For
the estrogen study, the primary, prespecified comparison in all
cases was between the WT, ovx plus E, versus the SRC-1 KO,
ovx plus E, mice, as the key question was the skeletal response
to E, in the two groups of mice. Thus, this was analyzed using a
t test. For the remainder of the analyses, which did not test our
primary hypothesis, we used an analysis of variance followed by
the post-hoc Fisher’s protected least significant difference test.
A p value of <0.05 was considered significant.

RESULTS

Body Composition Parameters and Serum E., Levels in SRC-2
KO Mice—To determine the general effect of SRC-2 deficiency
on body composition, we measured body weight and total body
fat by DXA at the age of 2, 3, and 5 months in WT and SRC-2
KO mice (Fig. 1, A and B); as is evident, these were very similar
between the two groups. Uterine wet weights at 2 and 5 months
were also not significantly different between the groups (Fig.
1C). In addition, we measured serum E, levels and did not
detect a compensatory increase in E, levels in the SRC-2 KO
mice, as has previously been shown to occur in SRC-1 KO mice
(27) (Fig. 1D).

SRC-2 KO Mice Have a Marked Increase in Bone Mass—To
examine the potential role of SRC-2 in bone, we first performed
a longitudinal study over 5 months in WT and SRC-2 KO mice
using pQCT scans of the proximal tibial metaphysis. In marked
contrast to previous findings with SRC-1 KO mice who had
trabecular osteopenia (28), total and trabecular vBMD were
significantly greater in SRC-2 KO mice at 2, 3, and 5 months as
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compared with the WT mice (Fig. 2, A and B). Although cortical
vBMD showed a similar trend, this was significantly different
between the WT and SRC-2 KO mice only at 3 months (Fig.
2C). However, cortical thickness was significantly greater in
SRC-2 KO as compared with WT mice at all three ages (Fig.
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FIGURE 1. Total body weight (A) and body fat (B) in WT and SRC-2 KO mice
at 2, 3, and 5 months of age; uterine weights (C) in these mice at 2 and 5
months of age; and serum E, levels at 5 months of age (D). Data are from
n = 9-10 mice per group.
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FIGURE 2. Radiological analysis by pQCT of WT and SRC-2 KO mice at the proximal tibial metaphysis at
the ages of 2, 3, and 5 months. Total, trabecular, and cortical vBMD (A-C) and cortical thickness (D) were
increased in SRC-2 KO mice at all ages as compared with the WT mice. Endocortical and peristeal circumference
(Eand F) were decreased in SRC-2 KO mice compared with WT mice at the time points noted. The data are from
n = 9-10 mice per group. Significant differences from WT: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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2D). This was because of a decrease in endocortical circumfer-
ence in the SRC-2 KO mice, which was significantly lower in
these mice as compared with WT mice at 3 and 5 months (Fig.
2E). As shown in Fig. 2F, the periosteal circumference, which
reflects the overall size of the bones, tended to be lower in the
SRC-2 KO as compared with WT mice, although this was sta-
tistically significant only at the 3-month time point. Areal BMD
(aBMD) by DXA was also determined in these mice, and this
showed similar trends for greater aBMD in the SRC-2 KO as
compared with WT mice at the total body and femur, with
differences between the two groups significant at the lumbar
spine (Table 2).

To further define the skeletal phenotype in the SRC-2 KO
mice, we also performed uCT analysis at the tibial metaph-
ysis of 5-month-old mice, confirming that SRC-2 KO mice
had greater trabecular bone volume than their WT litter-
mates (Fig. 3, A—C). SRC-2 KO mice also had significant
increases in trabecular number and thickness as compared
with WT mice (Fig. 3, D and E). The connectivity-density
(Fig. 3F), which is a measure for the number of trabeculae per
unit volume (32), was not significantly different between
SRC-2 KO and WT mice, whereas SRC-2 KO mice clearly
had more plate-like than rod-like trabeculae in the tibial
metaphysis as compared with the WT littermates, as deter-
mined by the structure model Index (TRI-SMI, Fig. 3G).

Increase in Osteoblasts and in
Bone Formation Rate Leads to Over-
all Greater Bone Mass in SRC-2 KO
Mice—To elucidate the mechanism
for the increase in bone mass in
SRC-2 KO mice at the cellular level,
the femoral metaphyses from
2-month-old mice were used for
bone histomorphometric analyses.
Bone volume per tissue volume
(BV/TV, Fig. 4A), trabecular num-
ber (TbN, Fig. 4B), and trabecular
thickness (TbTh, Fig. 4C) were all
significantly greater in the SRC-2
KO as compared with the WT mice,
whereas trabecular separation
(TbSp, Fig. 4D) was significantly
decreased in SRC-2 KO as com-
pared with WT mice. The observed
increase in trabecular BV/TV was
associated with a significant
increase in osteoblast number per
bone perimeter (N.OB/BPm, Fig.
4E) and osteoblast surface per bone
surface (OBs/BS, Fig. 4F) in SRC-2

Wt
SRC-2KO
Cortical vBMD

5 months

TABLE 2
Areal BMD by DXA in the WT and SRC-2 KO mice
wT SRC-2 KO
2 Month 3 Month 5 Month 2 Month 3 Month 5 Month
Total body BMD 51.7 £ 1.6 56.0 £ 1.7 59.0 £ 1.9 53.7 = 1.4 57.0* 1.5 622 * 14
Lumbar spine BMD 65.6 = 3.7 70.6 £ 3.1 699 1.9 67 £ 2.5 72.1 £ 1.57 76.9 £ 2.8¢
Femur BMD 69.2 £ 2.4 76.5 + 2.7 804 25 73.0 £ 29 781+ 1.7 834 *+23

“ p < 0.05 vs. the corresponding time point in the WT mice.
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FIGURE 3. A and B, three-dimensional trabecular bone architecture of the proximal tibial metaphysis at the age
of 5 months in WT (A) and SRC-2 KO (B) mice. Data generated from the uCT scans show a significant increase of
trabecular bone volume (C, BV/TV), trabecular numbers (D, TbN), and trabecular thickness (E, TbTh) in SRC-2 KO
(hatched bars) mice compared with the WT (solid bars) littermates. The connectivity-density (F), which is a
measure of the number of trabeculae per unit volume, was similar between SRC-2 KO and WT mice. SRC-2 KO
mice had clearly more plate-like than rod-like trabeculae, as determined by the TRI-SMI measure on a scale
from 0 to 3, ranging from plate-like to rod-like trabeculae (G). The data are from n = 9-10 mice per group.
Significant differences from WT: *, p < 0.05, and **, p < 0.01.
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FIGURE 4. Bone histomorphometric analysis of the distal femoral metaphysis of WT and SRC-2 KO
littermates at 2 months of age. There was a significant increase in bone volume (BV/TV; A) and trabecular
bone parameters (B-D) in SRC-2 KO mice as compared with WT mice. Osteoblast numbers (N.OB/BPm; E)
and surface (OBs/BS; F) were also increased in SRC-2 KO mice, with no significant difference in osteoclast
parameters (G and H). N.OC/BPm, osteoclast number; OCs/BS, osteoclast surface/bone surface. Bone for-
mation was significantly increased in SRC-2 KO as compared with WT mice, as reflected in greater miner-
alizing surface (MS/BS; I) and bone formation rate (BFR/BS; J). However, osteoblast activity, as determined
by the mineral apposition rate (MAR), was significantly decreased in SRC-2 KO compared with WT mice (K),
but there was clear, crisp incorporation of xylenol orange (red) and calcein (green) labels, demonstrating
the absence of a mineralization defect in the SRC-2 KO mice (L). The data are from n = 9-10 mice per
group. Significant differences from WT: ¥, p < 0.05; **, p < 0.01; ***, p < 0.001. TbN, trabecular number; TbTh,
trabecular thickness; TbSp, trabecular separation.
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KO as compared with WT mice.
There was a non-significant trend
for osteoclast number (N.OC/BPm,
Fig. 4G) and osteoclast surface per
bone surface (OCs/BS, Fig. 4H) to be
lower in the SRC-2 KO as compared
with the WT mice. In addition, the
SRC-2 KO mice had a highly signif-
icant increase in the percent miner-
alizing surface (MS/BS, Fig. 4I) as
determined by the length of fluores-
cent labels on the bone surface. The
bone formation rate per bone sur-
face (BFR/BS, Fig. 4]) was also sig-
nificantly greater in the SRC-2 KO
as compared with the WT mice. By
contrast, the mineral apposition
rate (MAR, Fig. 4K), which reflects
the activity of a given team of osteo-
blasts in the basic multicellular unit,
was significantly lower in the SRC-2
KO mice compared with the WT
mice. Importantly, because SRC-2
may also mediate effects of 1,25-di-
hydroxyvitamin D on various tis-
sues (33), as shown in Fig. 4L, there
was no evidence for a mineraliza-
tion defect in the SRC-2 KO mice,
with clear, crisp incorporation of
the xylenol orange and calcein
labels, similar to that seen in the WT
mice. Collectively, these histological
observations indicate that the
increase in bone mass in the SRC-2
KO mice results principally from
increased bone formation because
of anincrease in osteoblast numbers
despite somewhat reduced osteo-
blast activity.

Loss of SRC-2 Leads to Reduced
Bone Marrow Adipocyte Parameters
in Vivo—Because of the evidence
that bone marrow stromal cells can
differentiate into osteoblasts as well
as adipocytes (1-3), we also deter-
mined adipocyte parameters in the
bone marrow cavity of the femurs in
the two groups of mice. Adipocyte
volume (AV/TV, Fig. 5A) and adipo-
cyte number (Fig. 5B) were signifi-
cantly decreased in the SRC-2 KO as
compared with the WT mice. How-
ever, there was no difference in the
circumference of individual adipo-
cytes between the SRC-2 KO and
WT mice (Fig. 5C). Fig. 5D shows
photomicrographs from bones of
the WT and SRC-2 KO mice, dem-
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onstrating the increase in bone and decrease in adipocytes in
the marrow cavities of the SRC-2 KO mice. Consistent with
these in vivo findings, gene expression analysis by real-time
quantitative PCR of RNA extracted from bone marrow stromal
cells cultured for 6 days in osteoblast differentiation medium
showed that the expression of osteocalcin and bone sialopro-
tein was markedly increased along with the expression of other
bone-related genes (AP, Runx2, Collal, osterix, BMP-2,
BMP-4, and BMP-6) in the stromal cells from SRC-2 KO as
compared with the WT mice (Fig. 6A4). By contrast, expression

A AVITV B N.AD/TAr C AD Circumference
16 - 30 16 L
12 Lo L 12

S £ g
08 E . 8 r

B wT
SRC-2 KO

SRC-2 KO

FIGURE 5. Bone marrow adipocyte parameters were determined at the
distal femoral metaphysis of WT and SRC-2 KO littermates at 2 months of
age. Adipocyte volume (AV/TV; A) and adipocyte numbers (N.AD/TAr; B) were
significantly decreased in SRC-2 KO as compared with WT mice, whereas the
circumference of individual adipocytes (AD, C) was not different between the
two groups of mice. Goldner’s staining of femoral metaphyses from WT and
SRC-2 KO (D) mice shows a dramatic difference in adipocytes in the bone
marrow cavity. The data are from n = 9-10 mice per group. Significant differ-
ences from WT: *, p < 0.05.

levels of mRNAs for adipogenic genes (adipsin, adiponectin,
perilipin, and aP2) were significantly decreased in the cells from
the SRC-2 as compared with the WT mice, with no significant
difference in the expression of PPARYy (Fig. 6B).

Loss of SRC-2 Leads to Enhanced Osteoblastogenesis and
Decreased Adipogenesis in Vitro—Collectively, these in vivo
and in vitro findings demonstrated that unlike SRC-1 KO mice,
which have osteopenia (28, 29), mice with deletion of the closely
related coactivator, SRC-2, have a high bone mass phenotype
with increased bone formation accompanied by reduced adipo-
genesis. Given the evidence that SRC-2, in addition to being an
important coactivator for the ER (26), is also perhaps the pre-
ferred coactivator for PPARYy (20), all of the above findings on
bone and on marrow adipocytes would be consistent with a
phenotype of partial PPARY resistance. To directly demon-
strate this for effects on osteoblastogenesis, we cultured bone
marrow stromal cells from WT and SRC-2 KO mice under
osteoblastic conditions without or with the PPARYy ligand, ros-
iglitazone. The capacity of bone marrow stromal cells from WT
or SRC-2 KO mice to form osteoblastic colonies in vitro was
determined using colony-forming unit assays (CFU-OB,
defined as von Kossa positive colonies). As shown in Fig. 7, in
the presence of the osteoblastic differentiation medium, there
was a significant increase in the formation of CFU-OBs by bone
marrow stromal cells obtained from SRC-2 KO as compared
with WT mice. Moreover, in the presence of rosiglitazone
there was a significant decrease in the formation of CFU-
OBs by bone marrow stromal cells from WT mice, and this
effect of rosiglitazone was markedly attenuated in bone mar-
row stromal cells from SRC-2 KO mice; in fact, cells from
SRC-2 KO mice formed more than three times as many CFU-
OBs as compared with WT mice in the presence of rosiglita-
zone (Fig. 7B). In further studies, we also placed bone mar-
row stromal cells from the WT and SRC-2 KO mice under

purely adipogenic conditions
N . e
A aCN BSP AP RUNX2 Colai (aMEM/10% FBS with rosiglita
£ 1.2 {P<0.0D 5 300 |P=0.02 £ 120 {P=0.8 S on|P=005 1200 | P=0.07 zone) for 48 h and assessed the
4 I3 14 143 @« . .
8 8 8 2 4 gene expression levels of adi-
£o0s8 2200 £ a - £ a0 X R
H H H 3 ] ponectin and aP2 (fatty acid-bind-
E 04 £ 100 E £ £ 400 ing protein 4) as adipocyte marker
= = = = = .
0 a 0 0 0 genes by these cells. As shown in
Fig. 84, expression levels of these
5 Osterix 40,BMP-2 120 BMP4 0g, BMPS6 R .
s |poo e = |p-oos s | P00 genes were significantly increased
% % 30 % @ 208 B wT in bone marrow stromal cells from
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£ 20 £ o4 src-2Ko  both WT and SRC-2 KO mice after
g 2 £ 10 g 40 £ treatment with rosiglitazone.
2 2 . 2 . 2 . However, after treatment with ros-
0 - .
iglitazone, expression levels of these
E” Adipsin _ 160, Adiponectin 20 Perilipin _20,aP2 _ 0 PPARy pgs  SE7CS In cells from WT mice were
R H £ 5 S 2 significantly greater as compared
g PoDOT g 1 Promd g, PO 8 Profz 8 with cells from SRC-2 KO mice. In
s s 80 S s 100 G addition, we also assessed adipogen-
E 2 z§ 40 E 0.4 E 50 z§ 10 esis in these cells by Oil Red O stain-
0 0 0 0 0 ing after 6 days of culture in the

FIGURE 6. Gene expression data of osteoblast (A) and adipocyte (B) genes from bone marrow stromal
cells cultured in «MEM, 10% FBS with ascorbic acid, 3-glycerol phosphate, and dexamethasone for 6
days. The data are normalized to the housekeeping gene, TBP (see “Experimental Procedures”), and the nor-
malized expression level for each gene is shown. Bone marrow cells from n = 6 mice per group were used, with
p values as indicated. OCN, osteocalcin.
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presence of rosiglitazone. As shown
in Fig. 8B, as compared with bone
marrow stromal cells from WT
mice, cells from SRC-2 KO mice had
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a markedly reduced capacity to form adipocytes in vitro. These
findings, thus, establish that loss of SRC-2 leads to partial
PPARY resistance in bone marrow stromal cells for effects on
osteoblastogenesis and adipogenesis.

SRC-2 Is Important for the Transcriptional Activation of
PPARvy Target Genes—ChIP analysis of 4 PPARY target genes
(adiponectin, aP2, phosphoenolpyruvate carboxykinase, and
Cbl-associated protein) was used to establish that SRC-2 is
important to form a transcriptional complex at the peroxi-
some proliferator response element (PPRE) binding sites.
Bone marrow stromal cells from WT and SRC-2 KO mice
were cultured for 4 days in osteoblastic differentiation media
and then treated for 24 h with rosiglitazone. Preliminary data

A
B P<0.01 BT

20

<0401 SRC-2KO
3 15
3
2 10
o
8 5
0 o
OB OB medium OB OB medium
medium + Rosi medium + Rosi

FIGURE 7. Osteogenesis of bone marrow stromal cells from WT and SRC-2
KO mice under osteogenic conditions («MEM, 10% FBS with ascorbic
acid, B-glycerol phosphate, and dexamethasone (OB medium)) without
or with the addition of the PPARY agonist, rosiglitazone (Rosi), for 21
days. Osteogenesis was determined by Von Kossa staining (A). Panel B shows
the gquantitation of the number of CFU-OBs/well. The experiment was per-
formed three times with the bone marrow cells from n = 3 individual mice,
with p values as indicated.
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had demonstrated that a short term culture in differentiation
media increases the levels of PPARy in bone marrow stromal
cells (data not shown). As shown in Fig. 94, ChIP assays
using an antibody directed against PPARYy resulted in a
64-fold increase in PPARYy recruitment to the adiponectin
PPRE in WT mice after treatment with rosiglitazone. In con-
trast, no recruitment of PPARy was detected in the bone
marrow stromal cells from SRC-2 KO mice. Similarly, ChIP
assays specific for SRC-2 and SRC-1 showed a marked
increase of the presence of these proteins (17- and 18-fold,
respectively) after treatment with rosiglitazone at the adi-
ponectin PPRE in WT but not SRC-2 KO bone marrow stro-
mal cells. To demonstrate that adiponectin is transcription-
ally active under these culture conditions, ChIP assays were
used to demonstrate an 18-fold enrichment of RNA poly-
merase II at the adiponectin PPRE from WT but not SRC-2
KO bone marrow stromal cells. Similar patterns of recruit-
ment of PPARy, SRC1, SRC2, and RNA polymerase II were
observed from three other known PPARY target genes: aP2,
phosphoenolpyruvate carboxykinase (PEPCK), and Cbl-as-
sociated protein (CAP) (Fig. 9, B-D). Thus, the loss of SRC-2
leads to a destabilization of the transcription complex at the
PPREs of a number of PPARY target genes, resulting in an
overall decrease in the expression of adipocyte-related genes
and a marked decrease, but not a complete inhibition, in
adipocyte development.

SRC-2 KO Mice Are Not Protected against Ovx-induced Bone
Loss and Have Partial Skeletal Estrogen Resistance—To estab-
lish whether, similar to SRC-1 KO mice (28), SRC-2 KO mice
had skeletal estrogen resistance, 3-month-old WT and SRC-2
KO female mice were either sham-operated, an ovx was per-
formed and mice were treated with vehicle, or an ovx was per-
formed and mice were treated with
slow release E, pellets for 56 days.
However, although we have previ-
ously demonstrated that an E, dose
of 10 ng/kg/day represents a physi-
ological E, dose for bone in
C57BL/6 mice, whether this was
also the case for the 129 SvJ back-
ground was first assessed in a dose-
response study in this strain. For

0 L -

Rosi - + - +

B Rosi

i

absence of rosiglitazone.
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FIGURE 8. Gene expression of adiponectin and aP2 was determined in bone marrow stromal cells from WT and
SRC-2 cellsin the presence or absence of rosiglitazone (Rosi) for 48 h (A). Cells were isolated from n = 6 mice per
group. Adipogenesis in cultures of bone marrow stromal cells from WT and SRC-2 KO littermates were deter-
mined by Oil Red O staining (B). Cells were cultured in «MEM, 10% FBS with rosiglitazone for 6 days. Significant
differences from WT are as indicated. p < 0.01 (**) and p < 0.001 (***) for significant differences from cells in the

this, 3-month-old 129 Sv] mice were
either sham-operated, an ovx was
performed and mice were treated
with vehicle, or an ovx was per-
formed and mice were treated with
different doses of E, (20 and 10
png/kg/day). These E, concentra-
tions were chosen from an earlier
estrogen replacement study in
SRC-1 KO mice on a C57BL/6 back-
ground (34). However, in pilot stud-
ies these concentrations of E,
resulted in excessive bone forma-
tion in WT 129 Sv] mice, with par-
tial filling of the bone marrow cavity
with trabecular bone (data not
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FIGURE 9. ChIP assay analysis of PPARYy target genes. The analysis was done using antibodies directed against PPARvy, SRC-2, SRC-1, and RNA polymerase I.
The data are normalized to the inputs and presented as the -fold enrichment between the vehicle and rosiglitazone treatment for 24 h. Nonspecific IgG was
used to distinguish between specific and background binding (dotted line). The experiment was performed twice, and a representative experiment is shown.
Shown are the ChIP assays using PPREs for adiponectin (A), aP2 (B), phosphoenolpyruvate carboxykinase (PEPCK, C), and Cbl-associated protein (CAP, D).
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We also determined changes in adipocyte parameters in
the mice after ovx and estrogen replacement, and as shown
in Fig. 12, relative to the sham animals, there were marked
increases in adipocyte volume per tissue volume (AV/TV;
Fig. 12A), adipocyte number (AD#) (Fig. 12B), and AD cir-
cumference (Fig. 12C) after ovx in the WT mice, which were
prevented by estrogen treatment. Interestingly, changes in
all three adipocyte parameters after ovx were markedly
attenuated in the SRC-2 KO mice. Thus, although SRC-2 KO
mice were not protected against bone loss after ovx, changes
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FIGURE 11. Bone histomorphometric analysis of bone volume (BV/TV; A),
trabecular separation (TbSp; B), trabecular numbers (TbN; C), and the
bone formation rate (BFR/BV; D) as determined at the distal femoral
metaphysis of WT and SRC-2 KO littermates after sham surgery, ovx with
vehicle treatment, or ovx with E, replacement (2. 5 ug/kg/day). The data
in the ovx + vehicle and ovx + E, groups are expressed normalized to the
respective sham groups in order to compare relative changes in these param-
eters between the WT and SRC-2 KO mice. n = 8-12 mice per group. The p
values for the main comparison (SRC-2 KO, ovx + E,, versus WT, ovx + E,) are
as indicated. p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) for direct compar-
ison with the respective sham groups.
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FIGURE 12. Adipocyte volume (AV/TV; A), adipocyte numbers (N.AD/TAr; B) and circumference (AD- circumfer-
ence; C) were determined at the distal femoral metaphysis of WT and SRC-2 KO littermates following sham
surgery, ovx with vehicle treatment, or ovx with E, replacement (2. 5 ug/kg/day). The data in the ovx + vehicle
and ovx + E, groups are expressed normalized to the respective sham groups to compare relative changes in
these parameters between the WT and SRC-2 KO mice. n = 8-12 mice per group. ***, p < 0.001 for direct

comparison with the respective sham group.
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in bone marrow adipocyte parameters after ovx were mark-
edly reduced in these mice.

DISCUSSION

Given the close structural and functional homology between
the nuclear receptor coactivators SRC-1 and -2 (35), we antici-
pated that similar to findings with the SRC-1 KO mice (27-29),
SRC-2 KO mice would have skeletal resistance to estrogen
action and osteopenia. Using a model of ovariectomy with
physiological estrogen replacement, we did demonstrate partial
skeletal resistance to estrogen action in the SRC-2 KO mice.
However, despite this resistance to estrogen action, female
SRC-2 KO mice had a high bone mass phenotype associated
with increased indices of bone formation and a marked reduc-
tion in bone marrow adipocytes. The skeletal phenotype of
SRC-2 KO mice was strikingly similar to that described by
Akune et al. (10) for mice with PPARy haplo-insufficiency. This
led us to further establish resistance to PPARy action in bone
marrow stromal cells from SRC-2 KO mice based on the follow-
ing criteria; 1) as noted above, compared with WT mice, the
SRC-2 KO mice had a marked decrease in bone marrow adipo-
cytes; 2) consistent with this, cultured bone marrow stromal
cells from SRC-2 KO mice expressed significantly higher levels
of osteogenic and lower levels of adipogenic genes as compared
with cells from WT mice; 3) cultures of stromal cells from
SRC-2 KO mice formed more mineralized nodules in the pres-
ence of the PPARy ligand, rosiglitazone, as compared with cul-
tures from WT mice; 4) using ChIP analysis, we demonstrated
that in bone marrow stromal cells, loss of SRC-2 leads to desta-
bilization of the transcription complex at the PPREs of a num-
ber of PPARYy target genes. Collectively, our studies, thus,
establish that mice with deletion of SRC-2 have partial skeletal
resistance to both estrogen and PPARvy but that the conse-
quences of resistance to PPARYy are dominant over estrogen
resistance, highlighting the key role played by PPARyin skeletal
metabolism.

Interestingly, compared with WT mice, SRC-2 KO mice had
an increase in bone formation rates at the tissue level, driven
principally by an increase in osteoblast numbers. However, the
mineral apposition rate, which reflects the amount of work
done by a team of osteoblasts in each basic multicellular unit,

was reduced in the SRC-2 KO as

compared with WT mice. These

: findings may reflect the combined

AD Circumference effects of PPARy and estrogen
resistance in the SRC-2 KO mice;
resistance to PPARvy action would
lead to a suppression of adipogene-
sis and increase in osteoblastogen-
esis due perhaps to “switching” of
precursor cells to the osteoblast ver-
sus the adipocyte lineage, whereas
estrogen resistance may result in a
decrease in activity of osteoblasts on
the bone surface, consistent with
the increasing evidence for a role for
estrogen in maintaining bone for-
mation at the cellular level (36, 37).

WT

SRC-2 KO
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The precise mechanism(s) by which impairments in
PPARYy action, as in the PPARYy haplo-insufficient or in the
SRC-2 KO mice, lead to increased bone formation are
unclear. Because both osteoblasts and adipocytes originate
from a common mesenchymal precursor (1-3), impaired
PPAR'y action could lead to increased flux of these precur-
sors toward the osteoblast lineage. The data in this study
support this notion, as loss of SRC-2, the preferred PPARYy
coactivator (20), results in increased osteogenesis at the
expense of adipogenesis. Our quantitative PCR and ChIP
analysis demonstrates that the absence of SRC-2 causes a
decrease in adipogenic gene expression and that PPARvy
recruitment is eliminated at the known PPRE of these genes.
However, because SRC-2 KO cell cultures do not exhibit
complete elimination of rosiglitazone-dependent increases
in expression of these adipogenic genes, the possibility of
other distal PPRE-like elements or PPARy-independent
pathways in regulating adipogenic gene expression and adi-
pogenesis warrants further study.

There is considerable evidence demonstrating a reciprocal
relationship between bone volume and adipose volume in
the marrow (7, 8). One likely model is that PPARy activation
directly suppresses osteogenesis, because stable transfection
of PPARYy and its activation with a TZD suppressed expres-
sion of runx2, type I collagen, and osteocalcin in stromal cells
(9). Whether PPARYy regulation of osteogenesis is a direct
effect of PPARy or mediated via PPARYy regulation of other
pathways, such as TGF-B/Smad3 signaling (38), requires fur-
ther study. We also found that although SRC-2 KO mice had
a marked decrease in bone marrow adipocytes, total body fat
(assessed by DXA) was similar in these mice and WT mice.
Thus, although SRC-2 KO mice have previously been shown
to be relatively resistant to diet-induced obesity (20), under
conditions of a normal fat diet they do not have reductions in
total body fat but, based on our findings, do have reduced
marrow fat.

Deletion of PPARY only in hematopoietic cells has been
shown to result in an increase in bone mass because of impaired
osteoclastogenesis and decreased bone resorption (39). By con-
trast, PPARYy haplo-insufficient mice did not have changes in
osteoclast parameters (10). In our study there was a non-signif-
icant trend toward a decrease in osteoclast numbers and sur-
face in SRC-2 KO mice, which may have contributed to the
increase in bone mass in these mice. However, similar to the
PPARY haplo-insufficient mice (10), the major mechanism for
the increase in bone mass in SRC-2 KO mice appears to be an
increase in bone formation.

Our demonstration of partial skeletal resistance to PPAR7y
in the SRC-KO mice suggests that these mice may be pro-
tected from adverse skeletal effects of TZDs, and further in
vivo studies examining the skeletal effects of TZDs in
SRC-KO versus WT mice are needed to address this possi-
bility. In addition, our findings also suggest a potentially
novel approach to treating bone loss associated with aging
and various other conditions without potentially adverse
effects on reproductive tissues. Specifically, the therapeutic
focus to date has been on selective modulation of nuclear
receptor activity in a tissue-specific manner, such as the use
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of selective estrogen receptor modulators to treat osteopo-
rosis without increasing the risk of breast or uterine cancer
(40). Because coactivators, such as SRC-2, interact with sev-
eral nuclear receptors, modulating the activity of coactiva-
tors may be an alternate therapeutic approach as opposed to
directly modulating nuclear receptor activity. Thus, based
on our findings, compounds that impair SRC-2 interactions
with PPARyand ER might be expected to increase bone mass
while at the same time impair estrogen action not just in
bone, as we demonstrate, but also in reproductive tissues
such as the breast. This would have the potential beneficial
effect of increasing bone mass while not increasing (or even
reducing) the risk of breast cancer. Moreover, because pre-
vious studies by Picard et al. (20) have found that SRC-2 KO
mice are resistant to diet-induced obesity and have an
increase in insulin sensitivity, such compounds may also
have a favorable metabolic profile. This issue is of particular
importance given the increasing evidence for effects of
PPARYy agonists, such as TZDs, on decreasing bone forma-
tion and increasing rates of bone loss (41) as well as fracture
risk (42). Thus, modulation of coactivator activity, in this
case that of SRC-2, offers the possibility of altering several
(rather than just one) nuclear receptor pathways, thereby
having a beneficial impact on multiple disease processes, and
our findings provide a plausible rationale for exploring such
approaches.
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